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E-mail address: n.yeotikar@unsw.edu.au (N.S. YeoPeripheral vision is characterized in part by poor spatial resolution and impaired visual performance, par-
ticularly when the object is surrounded by ﬂanking elements, a phenomenon popularly known as
‘‘crowding’’. Crowding scales with eccentricity irrespective of the target size, both in terms of magnitude
and spatial extent, which is determined by varying the target-ﬂanker separation. However, the extent to
which crowding depends upon the ﬂanking stimuli parameters alone without separating target and
ﬂankers is poorly understood. In the present study, we investigated the effect of ﬂanking stimulus param-
eters on crowding in orientation and contrast discrimination tasks using closely located ‘‘chain’’ lateral
Gabor stimuli in order to enhance our understanding of the underlying mechanisms of crowding in
peripheral vision. We found a strong conﬁgural effect on crowding in both orientation and contrast dis-
crimination tasks, with reduced crowding when the ﬂanker parameters enhanced the target salience and
increased crowding when the ﬂankers were perceptually grouped with the target. While in orientation
discrimination crowding was dependent on eccentricity, and in contrast discrimination it was dependent
on ﬂanker contrast and eccentricity, crowding showed little dependence on the number of ﬂankers in
either task. We conclude that crowding in peripheral orientation and contrast discrimination is conﬁgu-
ration speciﬁc, which can be reduced without alterations to the target-ﬂanker separation and that crowd-
ing is a combination of low-level as well as high-level cortical processing.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
It is well known that peripheral vision is characterized by poor
spatial resolution due to anatomical factors such as the arrange-
ment of cones, populated more densely at the fovea than in the
periphery and with a corresponding increase in receptive ﬁeld size
with eccentricity. Object recognition and identiﬁcation in the
periphery becomes even more difﬁcult when presented with sur-
rounding elements and this ﬁnding has been explained in terms
of two analogous phenomena: crowding and lateral masking
(Chung, Levi, & Legge, 2001; Leat, Li, & Epp, 1999; Levi, Hariharan,
& Klein, 2002; Wilkinson, Wilson, & Ellemberg, 1997). Previous
studies show that these phenomena differ in their underlying
mechanisms and characteristics (Levi, Hariharan, et al., 2002; Pelli,
Palomares, & Majaj, 2004), and that the crowding effect is profound
in the periphery while lateral masking is widely reported at the fo-
vea (Cass & Spehar, 2005a; Chung et al., 2001; Levi, Hariharan,
et al., 2002; Levi, Klein, & Hariharan, 2002; Polat & Sagi, 1993).
Crowding is deﬁned as impaired target visibility due to the
presence of adjacent contours. It has been studied extensively
since Korte (1923) ﬁrst described reduced visibility of a target let-
ter in the presence of neighbouring letters (Korte, 1923). Boumall rights reserved.
tikar).(1970) deﬁned crowding based on the critical spacing of objects
(such as letters) which according to Bouma’s rule, is roughly half
of the viewing eccentricity. This rule has been found to apply for
stimuli other than letters, such as bars, numbers and Gabor stimuli
(Andriessen & Bouma, 1976; Felisbert, Solomon, & Morgan, 2005;
Levi, Hariharan, et al., 2002; Pelli et al., 2004; Strasburger, Harvey,
& Rentschler, 1991; Wilkinson et al., 1997). Crowding has been ex-
plained in terms of spatial pooling (Parkes, Lund, Angelucci, Solo-
mon, & Morgan, 2001), insufﬁcient spatial resolution of visual
attention (Intriligator & Cavanagh, 2001), feature integration (Pelli
et al., 2004), and target salience or pop-out (Felisbert et al., 2005;
Livne & Sagi, 2007; Poder, 2006). These theories predict that apart
from the critical distance between the target and ﬂanking stimuli,
the nature of ﬂankers also plays an important role in crowding
(Livne & Sagi, 2007; Saarela, Sayim, Westheimer, & Herzog, 2009).
Lateral masking is a form of contrast masking, which refers to
the effect of lateral ‘mask’ stimuli on the contrast detection or
discrimination of a central target such as a Gabor (Adini, Sagi, &
Tsodyks, 1997; Cass & Spehar, 2005b; Polat & Sagi, 1993). Psycho-
physical studies show that lateral masking exerts two effects: sup-
pression (elevated thresholds) and facilitation (reduced thresholds).
The facilitation for foveal target detection by remote ﬂankers
(mask stimuli) is a consequence of the excitatory long-range hori-
zontal connections between neurons with identical preferred
orientation in V1; while suppression is a result of inhibitory
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Levi, Klein, et al., 2002; Polat & Sagi, 1993, 1994; Solomon & Mor-
gan, 2000; Tanaka & Sagi, 1998; Woods, Nugent, & Peli, 2002; Zen-
ger & Sagi, 1996). These spatial interactions are speciﬁc to stimulus
conﬁguration, thus being dependent on the orientation of the mask
stimuli relative to the target (Polat & Sagi, 1993; Woods et al.,
2002; Zenger & Sagi, 1996). Adini et al. (1997) proposed a neuronal
model for lateral masking effects, which suggests that excitatory
connections are stronger in collinear1 stimuli arrangement while
inhibitory connections are stronger in parallel2 stimuli arrangement,
and that increasing the number of mask stimuli improves the
strength and range of inhibitory connections thereby increasing
the suppression. Facilitatory and suppressive lateral interaction ef-
fects of this kind were conﬁrmed in single-cell recordings from the
primary visual cortex (Kapadia, Ito, Gilbert, & Westheimer, 1995; Po-
lat, Mizobe, Pettet, Kasamatsu, & Norcia, 1998; Polat & Norcia, 1996).
Therefore unlike crowding, lateral masking cannot only mask but
also facilitate target detection, depending on the target-ﬂanker dis-
tance and stimulus conﬁguration.
It is well known that similar to lateral masking, crowding is also
orientation speciﬁc (Andriessen & Bouma, 1976; Livne & Sagi,
2007, 2010) and depends on the distance between target and ﬂank-
ers, which varies with eccentricity and is generally known as the
spatial extent of crowding (Chung, Legge, & Tjan, 2002; Hariharan,
Levi, & Klein, 2005; Levi, Hariharan, et al., 2002; Livne & Sagi, 2007;
Pelli et al., 2004; Toet & Levi, 1992). Therefore, whether ‘crowding’
and ‘lateral masking’ are two sides of a coin and/or share the same
underlying mechanism, is still ambiguous (Chung et al., 2001; Levi,
Hariharan, et al., 2002, Levi, Klein, et al., 2002; Parkes et al., 2001;
Wilkinson et al., 1997). A widely shared view is that in crowding,
information about the target is spatially pooled with that of the
surrounding ﬂankers resulting in increased target uncertainty;
whilst in masking, the ﬂankers inhibit (mask) the target signals
and thus the information from the target is partially lost rendering
it less visible (Parkes et al., 2001). However, in both phenomena,
the target-ﬂanker separation is a confounding factor in assessing
the impact of stimulus parameters such as target and/or ﬂanker
contrast, orientation, spatial frequency, phase and colour in crowd-
ing reduction or facilitation (Chung et al., 2001; Felisbert et al.,
2005; Kooi, Toet, Tripathy, & Levi, 1994; Livne & Sagi, 2007; Woods
et al., 2002). In order to understand the role of such stimulus
parameters in peripheral vision, the target and ﬂankers must be lo-
cated at a ﬁxed distance. Thus we were interested in studying the
effect of ﬂanking stimulus parameters on threshold elevation using
closely located target and ﬂankers.
Crowding has been thoroughly investigated in the case of letter
identiﬁcation (e.g., (Bouma, 1970; Chung et al., 2001; Pelli et al.,
2004; Toet & Levi, 1992) and to some extent in orientation discrim-
ination (e.g., (Andriessen & Bouma, 1976; Felisbert et al., 2005; Liv-
ne & Sagi, 2010), but rarely studied and demonstrated in contrast
detection (Levi, Klein, et al., 2002; Poder, 2008) and discrimination
(Levi & Carney, 2011; Saarela et al., 2009). Orientation discrimina-
tion acts as a key function for tasks such as contour integration,
which involve linking different closely located segments based
on their local orientation; while contrast discrimination is a basic
function to discriminate an object from the background or identify
the difference between two closely located objects. Crowding is
considered to be a high level phenomenon and therefore thought
to be restricted to tasks which involve ‘identiﬁcation’, whereas
masking is understood to occur in lower level tasks such as ‘detec-
tion’ and ‘discrimination’ (Levi, Hariharan, et al., 2002; Livne & Sagi,1 A collinear conﬁguration is obtained when the local and global orientations (axis
of stimuli) of target and ﬂankers are identical.
2 A parallel conﬁguration is obtained when the local orientation of target and
ﬂankers is identical, but is orthogonal to the global orientation (axis of stimuli).2007; Pelli et al., 2004). ‘Object identiﬁcation’ is deemed ‘‘high le-
vel’’ as it is thought to engage processing in cortical areas beyond
V1 (Desimone & Schein, 1987; Desimone, Schein, Moran, &
Ungerleider, 1985; Motter, 1994a, 1994b), whereas neurophysio-
logical studies provide evidence for tasks such as contrast and ori-
entation detection and discrimination to be mediated largely by V1
(Hubel & Wiesel, 1968; Kapadia et al., 1995). Thus it remains un-
clear whether visual crowding is a phenomenon observed only in
high-level tasks (such as those requiring stimulus feature integra-
tion) or whether it is also observed in basic judgements of form.
Recent studies have partially addressed this question by dem-
onstrating that crowding does occur in detection and coarse dis-
crimination (Levi & Carney, 2011; Poder, 2008; Saarela et al.,
2009), but is dependent on the number of ﬂankers (Poder, 2008).
A study by van den Berg, Roerdink, and Cornelissen (2007) showed
that crowding is a general phenomenon which is affected by fea-
ture dimensions such as size, hue and saturation apart from orien-
tation (van den Berg et al., 2007). These ﬁndings indicate that
crowding and lateral masking might not be differentiated on the
basis of visual tasks. Henceforth, in the present study, we refer to
the ‘‘lateral masking effect’’ (threshold elevation or suppression
due to adjacent ﬂankers) as crowding.
The spatial pooling hypothesis describes crowding as a result of
(spatial) averaging of target and ﬂanker information (Parkes et al.,
2001). According to this theory, strong crowding is obtained when
the target and ﬂankers are perceived as a textural whole because
the target information is pooled or combined with ﬂanker informa-
tion and then averaged by the relatively large receptive ﬁelds
found in the periphery (Liu, Jiang, Sun, & He, 2009). On the other
hand, when target and ﬂankers are dissimilar, they may be pro-
cessed separately reducing the likelihood of integrating their sig-
nals and thus facilitating target detection and identiﬁcation
(Wilkinson et al., 1997). Along with the neural correlates, previous
studies also provide various perceptual explanations for crowding.
A process that leads to the target pop-out when it is surrounded by
a group of distracters that are different from the target is referred
to as ‘‘target salience’’. This phenomenon was demonstrated by
Kooi et al. (1994), who showed that crowding decreased when
ﬂanking stimuli were of different contrast, binocular disparity,
shape, or colour relative to the target. They explained crowding
as a consequence of ‘‘compulsory grouping’’ of similar shapes (tar-
get and ﬂankers) by the visual system. Grouping of this kind has
been shown to affect target visibility in positional discrimination
at the fovea and orientation and contrast discrimination in the
periphery by varying size, location and number of ﬂankers (Mala-
nia, Herzog, & Westheimer, 2007; Saarela et al., 2009).
The purpose of the present study was to investigate the role of
ﬂanker parameters in crowding in peripheral orientation and con-
trast discrimination tasks using closely located ‘‘chain’’ lateral Ga-
bor stimuli in order to enhance understanding of the mechanisms
underpinning crowding in peripheral vision. This type of stimulus
has been used previously for foveal contrast detection and discrim-
ination but not for orientation discrimination or contrast discrim-
ination in the periphery. Flanking stimulus manipulations such as
conﬁguration, contrast, number, and eccentricity were incorpo-
rated without variation in the distance between target and ﬂankers
to ensure that the target-ﬂanker separation did not affect the
results.
We found a strong conﬁgural effect on crowding in both orien-
tation and contrast discrimination tasks, with dependence on the
orientation similarity between target and ﬂanking stimuli. Crowd-
ing in the two tasks showed dependencies on different ﬂanker
parameters. Our ﬁndings suggest that this conﬁguration-speciﬁc
crowding can be reduced by making simple changes to ﬂanker
parameters, which allow the target to pop-out in chain-lateral
Gabor stimuli.
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2.1. Observers
Fourteen normally-sighted observers (10 females) within the
age range of 24–39 years participated in the experiments as de-
scribed below. All observers had a history of normal ocular and
systemic health and underwent vision screening, which included
examination for best corrected visual acuity for distance and near
(log-MAR chart), oculomotor balance, suppression (Worth four-dot
test), and stereopsis (Randot stereotest). These tests were within
the normal limits for all participants. Observers NY and SK are
authors. Two participants (XM and DL) were experienced observers
in psychophysical experiments, but naïve to the purpose of this
study. The remaining ten observers were naïve to the purpose
and inexperienced in psychophysical experiments. Written, in-
formed consent was obtained from each observer (except the
authors) prior to participation.2.2. Apparatus and stimuli
Visual stimuli were generated using MATLAB software (version
7.2) and Psychtoolbox and were displayed on a 2200(2000 viewable
image size) ﬂat proﬁle, gamma corrected Mitsubishi Diamond
Pro 2070SB CRT monitor. The background screen luminance was
114 cd/m2 in an otherwise dark room.
We used closely spaced ‘‘chain’’ lateral Gabor stimuli (Adini
et al., 1997), generated by multiplying a sinusoidal grating (spatial
frequency (SF) of 6 cycles/degree (cpd)) with a Gaussian envelope
with a standard deviation (r) of 0.16 (r = 1/SF). Stimuli were of
three types: target, reference and ﬂankers. A ﬁxation point
(0.48) was located at the centre of the monitor throughout the
experiments. The target and reference stimuli were ﬂanked by
six stimuli (except in Experiment 2), three on each side, arranged
laterally in a row (chain) in contrast discrimination (CD), while
the reference stimulus was unﬂanked in orientation discrimination
(OD). The centre-to-centre separation between any two Gabor
stimuli was 4r units (0.64). In OD, a single horizontally oriented
reference stimulus and the target (with an orientation offset from
horizontal) were at a constant Michelson contrast of 50%; whereas
in CD, both reference and target stimuli were of horizontal orienta-
tion, but only the reference stimulus was at constant 50% contrast
as a pedestal and the target contrast was always above the
reference contrast. The target and reference stimuli were pre-
sented at equal eccentricities, above and below the ﬁxation point
respectively.
Two basic ﬂanker conﬁgurations were used: ISO (when the
ﬂankers were of horizontal orientation, identical to the reference
stimulus in CD and similar to the reference in OD, Fig. 1a and c:
OD and CD respectively) and CROSS (when the ﬂankers were of
vertical orientation, orthogonal to the reference stimulus in CD
and close to orthogonal in OD, Fig. 1b and d: OD and CD respec-
tively). Both of these ﬂanker conﬁgurations were employed under
each of three conditions namely, ﬂanker contrast (Experiment 1),
number of ﬂankers (Experiment 2), and viewing eccentricity
(Experiment 3) in OD and CD. A detailed description of stimulus
conditions in these experiments is given in the relevant sections
below.2.3. Procedure
Observers viewed the stimuli from a distance of 75 cm using
their non-dominant eye, while the fellow eye was covered with a
translucent occluder. The dominant eye of each observer was
determined by a ‘hole-in-the-card’ test (sighting eye dominance)(Howard, 2002). In nine of the fourteen observers, the right eye
was dominant. The data for each observer were collected in six
experimental sessions, each session lasting for 30–40 min. A few
preliminary practice trials were run for naïve observers until they
became familiar with the task.
2.3.1. Orientation discrimination
Ten observers performed the orientation discrimination task in
a spatial two-alternative forced choice (2AFC) paradigm. On each
trial, spatial noise (random dots) with a ﬁxation point at the centre
of the monitor was presented initially for 1s, to eliminate any after-
images due to the preceding trial. At the end of this period the tar-
get and reference stimuli with the ﬁxation point (except conditions
at 0 eccentricity, explained later in this section) appeared for 250
ms, followed by the spatial noise again until the observer gave a re-
sponse. Observers were asked to judge the target orientation tilt
with respect to the reference stimulus, while ﬁxating centrally
and to respond using a key press (left or right). The experimenter
demonstrated clockwise and anticlockwise orientation tilt using
a sketch. No feedback was provided to the observers. The stimuli
presentation was accompanied by an auditory tone to reduce any
temporal uncertainty. On observer’s response, the next trial was
started automatically.
An adaptive random double staircase procedure with two-down
and one-up (2/1) rule, which converged at the 70.7% correct perfor-
mance level (Wetherill & Levitt, 1965), with an initial step size of
3o was used to obtain orientation discrimination threshold (ODT).
One staircase series started at a target orientation offset of either
24o (with the target oriented anticlockwise) or 156 (with the tar-
get oriented clockwise); while the other series started at either 15
orientation offset (target oriented anticlockwise) or 165 (target
oriented clockwise). A stopping rule of 12 reversals (six reversals
in each staircase) was incorporated, with trials up to the ﬁrst rever-
sal on each staircase excluded (approximately 100 trials per condi-
tion). The step size was halved after the 3rd and 5th reversals in
order to increase the accuracy on approach to threshold. The
ODT was calculated as the mean of orientation offsets at 10
reversals.
2.3.2. Contrast discrimination
Fourteen observers performed the contrast discrimination task
in a spatial two-alternative forced choice (2AFC) paradigm. Observ-
ers were presented with the target and reference stimuli (both
with ﬂankers), located above and below the ﬁxation point at a cer-
tain eccentricity. The observer’s task was to indicate which stimu-
lus (top or bottom) appeared to be of a higher contrast (i.e. to
discriminate the target from the 50% reference contrast) while ﬁx-
ating at a central point, by pressing an appropriate arrow key (up
or down) on the keyboard. Across trials the spatial position (upper
or lower hemi-ﬁeld) of target and reference stimuli was random-
ised. No feedback was provided to the observers. The stimuli onset
and presentation were identical to OD. The same adaptive proce-
dure as described for ODT was employed to obtain contrast dis-
crimination threshold (CDT). One series started at 87.5% contrast
level, while the other at 70% contrast level and the initial step size
was 5%.
2.4. Study design
The effect of stimulus conﬁguration on orientation and contrast
discrimination was investigated across three ﬂanker parameters,
one in each experiment as follows:
2.4.1. Experiment 1. Flanker contrast (FC)
Ten observers were recruited to this experiment in OD and nine
in CD. Three ﬂanker contrasts (30%, 50% and 70%) were used in
Fig. 1. Stimuli in (a) ISO and (b) CROSS conﬁgurations are at 6 eccentricity with the target stimulus oriented anticlockwise (with respect to horizontal) and used in
orientation discrimination. The reference stimulus is presented below the ﬁxation point. Stimuli in (c) ISO and (d) CROSS conﬁgurations are at 6 eccentricity and used in
contrast discrimination. Note that the size of the Gabor patch is increased here for the purpose of demonstration.
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were either at a lower (30%), equal (50%), or higher contrast level
(70%) relative to the target and reference in the case of OD, and rel-
ative to the reference stimulus in the case of CD. The stimuli were
employed at 6 eccentricity (directly above and below ﬁxation,
respectively) and a total of six ﬂankers were used (three either side
of the target, and reference depending on the task). An ‘‘isolated-
target’’ condition was employed at the same 6 eccentricity. Thus
there were seven conditions in Experiment 1 as follows: ISO-
FC30, ISO-FC50, ISO-FC70, CROSS-FC30, CROSS-FC50, CROSS-FC70,
and isolated-target. This isolated-target condition was also used
for Experiment 2 and for the 6 eccentricity conditions in Experi-
ment 3.2.4.2. Experiment 2. Number of ﬂankers (NF)
Ten observers were recruited to this experiment in both OD and
CD. Three conditions (1, 3 and 5 ﬂankers on each side of the target
and reference stimuli in CD and on each side of the target in OD)
were employed in ISO and CROSS conﬁgurations. Therefore the se-
ven conditions in Experiment 2 were as follows: ISO-NF1, ISO-NF3,
ISO-NF5, CROSS-NF1, CROSS-NF3, CROSS-NF5, and isolated-target.
The stimuli were presented at 6 eccentricity (above or below ﬁx-
ation) and ﬂanker contrast was 70%.2.4.3. Experiment 3. Eccentricity (EC)
Nine observers were recruited to this experiment in both OD
and CD. Four viewing eccentricities were employed (0, 3, 6
and 9) in ISO and CROSS conﬁgurations. Isolated-target thresholds
were measured at each eccentricity. Thus there were twelve
conditions here as follows: ISO-EC0, ISO-EC3, ISO-EC6, ISO-EC9,
CROSS-EC0, CROSS-EC3, CROSS-EC6, CROSS-EC9, isolated-target-0,
isolated-target-3, isolated-target-6, and isolated-target-9. In the
ISO-EC0 and CROSS-EC0 conditions, the stimuli were slightly
eccentric (0.32) and the ﬁxation point was not visible during the
stimuli presentation since the edge-edge separation of the target
and reference stimuli was 0. To ensure ﬁxation, the ﬁxation point
was presented prior to each trial (in the spatial noise) and thendisappeared just before the stimuli presentation. Six ﬂankers at
70% contrast were presented in this experiment.
2.5. Data analysis
The ODT (in degrees) and CDT (in%) of the isolated-target condi-
tionswere subtracted from theODT and CDTof each condition (with
ﬂankers) at respective eccentricity separately to calculate relative
thresholds (RTs). A statistically signiﬁcant elevation in RT above
zero as a baseline (since the isolated-target threshold has been de-
ducted from each stimulus condition) was considered to be ‘crowd-
ing’, while statistically signiﬁcant RT reduction below zero (which
will be referred to as ‘‘baseline’’ from now on in the paper) was con-
sidered to be ‘facilitation’. The data were analysed with SPSS (ver-
sion 17.0) software. In OD, linear mixed model analysis was used
to compare between any two stimuli conditions across experiments
because the same observers participated in all three experiments.
However, in CD, repeatedmeasures ANOVAwas used for comparing
any two stimuli conditions within an experiment because only six
observers participated in all experiments, while others took part
in any one of the three experiments. The post hoc comparisonswere
adjusted with Bonferroni correction. The presence of crowding or
facilitation was tested by performing Bonferroni corrected paired
sample t-tests between the thresholds for each stimulus condition
with ﬂankers and isolated-target thresholds.
3. Results
3.1. Experiment 1. Effect of ﬂanker contrast
3.1.1. Orientation discrimination
Results are presented in Fig. 2a. Therewas a signiﬁcant difference
between ISO and CROSS conﬁgurations (F = 11.117, p = 0.002). How-
ever there was no signiﬁcant effect of FC (F = 0.739, p = 0.48) within
each conﬁguration and no signiﬁcant interaction between conﬁgu-
ration and FC was observed (F = 0.064, p = 0.94). The differences
frombaselinewere statistically insigniﬁcant (t 6 2.51,pP 0.2) indi-
cating neither crowding nor facilitation.
Fig. 2. (a) Mean relative threshold (RT, in degrees) – ODT of the isolated-target
condition is subtracted from the ODT of each stimulus condition – is plotted on the
y-axis as a function of ﬂanker contrast on x-axis. (b) Mean relative threshold (RT,
in%) – CDT of the isolated-target condition is subtracted from the CDT of each
stimulus condition – is plotted on the y-axis as a function of ﬂanker contrast on x-
axis. These graphs represent the mean RTs of ISO and CROSS conﬁgurations across
30%, 50%, and 70% ﬂanker contrast conditions with black and grey bars indicating
ISO and CROSS conﬁgurations respectively. Error bars show standard error of means
(±SEM).
Fig. 3. (a) Mean relative threshold (RT, in degrees) – ODT of the isolated-target
condition is subtracted from the ODT of each stimulus condition – is plotted on the
y-axis as a function of ‘number of ﬂankers’ on x-axis. (b) Mean relative threshold
(RT, in%) – CDT of the isolated-target condition is subtracted from the CDT of each
stimulus condition – is plotted on the y-axis as a function of ‘number of ﬂankers’ on
x-axis. This graph represents the mean RTs of ISO and CROSS conﬁgurations across
1, 3, and 5 number of ﬂankers conditions with black and grey bars indicating ISO
and CROSS conﬁgurations respectively. Error bars show standard error of means
(±SEM).
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Results are presented in Fig. 2b. There was a signiﬁcant differ-
ence between ISO and CROSS conﬁgurations (F = 5.68, p = 0.04). A
signiﬁcant difference was also found between FC-30 and FC-50
(p = 0.015) and between FC-30 and FC-70 (p = 0.024) in both the
conﬁgurations. There was no signiﬁcant interaction between con-
ﬁguration and FC (F = 1.481, p = 0.26). RT elevation (i.e. crowding)
was signiﬁcant at ISO-FC50 (t = 4.131, p = 0.02) and ISO-FC70
(t = 4.882, p = 0.006) conditions, but not at ISO-FC30 (t = 0.541,
p = 0.603) nor at any conditions in the CROSS conﬁguration
(t 6 2.167, pP 0.37).
3.2. Experiment 2. Effect of number of ﬂankers
3.2.1. Orientation discrimination
Results are presented in Fig. 3a. A signiﬁcant difference was
again found between ISO and CROSS conﬁgurations (F = 7.468,
p = 0.009). However there was no effect of NF within each conﬁgu-
ration (F = 1.43, p = 0.25) and no signiﬁcant interaction was found
between conﬁguration and NF (F = 0.276, p = 0.76). On comparison
with the baseline, signiﬁcant crowding was observed only in the
ISO-NF5 condition (t = 3.658, p = 0.03); but the CROSS conﬁgura-
tion did not yield signiﬁcant crowding or facilitation (t 6 1.974,
pP 0.48).
3.2.2. Contrast discrimination
Results are presented in Fig. 3b. The difference between the two
conﬁgurations was signiﬁcant again (F = 25.173, p = 0.001) and
consistent with the ﬁndings for orientation discrimination, there
was no effect of NF within each conﬁguration (F = 2.09, p = 0.17)and no signiﬁcant interaction was found between conﬁguration
and NF (F = 2.474, p = 0.13). Signiﬁcant crowding was obtained in
all conditions in the ISO conﬁguration: ISO-NF1 (t = 4.277,
p = 0.012), ISO-NF3 (t = 3.863, p = 0.024), and ISO-NF5 (t = 3.718,
p = 0.03). CROSS conﬁguration neither produced crowding nor
facilitation (t 6 2.002, pP 0.46).3.3. Experiment 3. Effect of eccentricity
3.3.1. Orientation discrimination
Results are presented in Fig. 4a. In this case, no signiﬁcant dif-
ference was observed between the two conﬁgurations (F = 2.957,
p = 0.09). However RT elevation at 9 EC was signiﬁcantly different
from the other three EC conditions in both conﬁgurations
(F = 14.62, p 6 0.035, see Table 1). There was no signiﬁcant interac-
tion between conﬁguration and EC (F = 1.061, p = 0.37). Neverthe-
less, in Experiments 1 and 2, there was a signiﬁcant difference
between the two conﬁgurations at 6 eccentricity, and this effect
was found for the three stimulus conditions in those experiments;
but individually with 70% FC and 3 NF, there was no signiﬁcant
conﬁgurational difference (see Figs 2a and 3a). Therefore it is not
surprising that with these ﬂanker parameters, we did not ﬁnd a
signiﬁcant difference between the two conﬁgurations at 6 eccen-
tricity in this experiment. Crowding was obtained only in the ISO-
EC9 condition (t = 3.908, p = 0.016); CROSS conﬁguration did not
yield signiﬁcant crowding or facilitation (t 6 2.426, pP 0.082).3.3.2. Contrast discrimination
Results are presented in Fig. 4b. The difference between ISO and
CROSS conﬁgurations was signiﬁcant (F = 19.309, p = 0.002), but
there was no overall effect of eccentricity within each conﬁgura-
Fig. 4. (a) Mean relative threshold (RT, in degrees) – ODT of the isolated-target
condition is subtracted from the ODT of each stimulus condition at respective
eccentricities – is plotted on the y-axis as a function of eccentricity on x-axis. (b)
Mean relative threshold (RT, in%) – CDT of the isolated-target condition is
subtracted from the CDT of each stimulus condition at respective eccentricities –
is plotted on the y-axis as a function of eccentricity on x-axis. This graph represents
the mean RTs of ISO and CROSS conﬁgurations across 0, 3, 6, and 9 EC conditions
with black and grey bars indicating ISO and CROSS conﬁgurations respectively.
Error bars show standard error of means (±SEM).
Table 1
This table represents the mean difference between 9 EC and rest of the EC conditions
at ISO and CROSS conﬁgurations in orientation discrimination (Experiment 3). A
negative value indicates higher RT elevation at 9 EC than the other eccentricity.
Sr. No. Stimulus condition Mean difference Signiﬁcance
1 ISO-EC0 and ISO-EC9 4.61 p = 0.001
2 ISO-EC3 and ISO-EC9 4.86 p < 0.001
3 ISO-EC6 and ISO-EC9 4.16 p = 0.003
4 CROSS-EC0 and CROSS-EC9 2.79 p = 0.02
5 CROSS-EC3 and CROSS-EC9 2.58 p = 0.035
6 CROSS-EC6 and CROSS-EC9 2.91 p = 0.014
Table 2
This table summarises the results to indicate the stimulus conditions which produced
crowding in the respective experiments and tasks in the present study.
Experiment Orientation
discrimination
Contrast discrimination
1. Flanker Contrast None ISO-FC50 and ISO-FC70
2. Number of
ﬂankers
ISO-NF5 ISO-NF1, ISO-NF3 and ISO-
NF5
3. Eccentricity ISO-EC9 ISO-EC6 and ISO-EC9
1244 N.S. Yeotikar et al. / Vision Research 51 (2011) 1239–1248tion (F = 3.696, p = 0.08). A signiﬁcant interaction was found be-
tween conﬁguration and EC (F = 5.376, p = 0.04). Therefore, to com-
pare the EC conditions within each conﬁguration and to conﬁrm
the conﬁgurational difference at each EC, we performed paired t-
tests and applied Bonferroni correction to the level of signiﬁcance.
Paired t-tests showed that there was a signiﬁcant difference be-
tween ISO-EC0 and ISO-EC6 (t = 3.727, p = 0.02), ISO-EC0 and ISO-
EC9 (t = 3.358, p = 0.04), and between ISO-EC6 and CROSS-EC6
(t = 3.143, p = 0.03) conditions. So the effect of eccentricity was ob-
tained only in the ISO conﬁguration and a conﬁgurational differ-
ence was found at 6 eccentricity. Signiﬁcant crowding was
obtained at ISO-EC6 (t = 4.838, p = 0.001) and ISO-EC9 (t = 4.017,
p = 0.004) conditions, but neither crowding nor facilitation was ob-
tained at any eccentricity in CROSS conﬁguration (t < 1.643,
p > 0.28).
A summary of the results in terms of the stimulus conditions
which produced crowding across the three experiments is pro-
vided in Table 2.4. Discussion
The main purpose of this study was to investigate the role of
ﬂanking stimuli parameters in crowding in orientation discrimina-
tion and contrast discrimination tasks using closely located –
chain-lateral Gabor stimuli in order to enhance understanding of
the underlying mechanisms of crowding in peripheral vision. Our
results indicate a conﬁgural effect on thresholds in both orienta-
tion and contrast discrimination tasks with poorer performance
in the ISO than the CROSS conﬁguration. This outcome extends pre-
vious ﬁndings on foveal presentation of laterally arranged Gabor
stimuli to peripheral presentation (Adini, Sagi, & Tsodyks, 2002;
Cass & Spehar, 2005b; Levi, Klein, et al., 2002) and also to orienta-
tion discrimination. Below we discuss possible mechanisms for
each ﬁnding in this study.
4.1. Conﬁgural effect
4.1.1. Target salience and spatial pooling
In the present study, high threshold elevation was found in the
ISO conﬁguration, when the orientation of target and ﬂanking
stimuli was either identical (in contrast discrimination) or close
to identical (in orientation discrimination); while the threshold
elevation was much less evident in the CROSS conﬁguration, when
the orientation of target and ﬂankers was dissimilar. This conﬁgu-
ral effect might be a consequence of ‘orientation’ based (CROSS vs.
ISO) target salience, where ISO conﬁguration reduced the target
salience, while CROSS conﬁguration enhanced target salience.
These ﬁndings are in accordance with the spatial pooling model
of crowding, which states that the visual system processes the tar-
get and ﬂankers separately but their signals are pooled and aver-
aged if the target is surrounded by similar ﬂankers, resulting in
the perception of a textural whole and crowding (Parkes et al.,
2001). Therefore, ISO conﬁguration yielded crowding in speciﬁc
stimulus conditions, but CROSS conﬁguration did not produce
any crowding or facilitation at any ﬂanker parameter in any task
(see Table 2). These ﬁndings are in agreement with previous stud-
ies reporting crowding based on reduced target salience (Felisbert
et al., 2005; Kooi et al., 1994; Livne & Sagi, 2007). The conﬁgural
inﬂuence on contrast discrimination is comparable with earlier
work on foveal lateral Gabor stimuli (Adini et al., 1997; Cass & Spe-
har, 2005b; Levi, Klein, et al., 2002). However, the absence of lateral
facilitation in the present study is perhaps due to the peripheral
presentation of stimuli, because in the periphery suppression
(threshold elevation) is more likely to occur than facilitation (Levi,
Hariharan, et al., 2002; Williams & Hess, 1998).
4.1.2. Perceptual grouping
Perceptual grouping of ﬂankers may be a factor in target pop-
out from the chain of stimuli in the CROSS conﬁguration in our
study. This type of grouping separates the ﬂankers perceptually
from the target and indirectly enhances target salience. Using dif-
ferent stimuli and target-ﬂanker separations, such an effect has
been shown to inﬂuence Vernier acuity at the fovea (Malania
et al., 2007), and orientation and contrast discrimination in the
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ﬂanking stimuli may also play a signiﬁcant role in grouping them
thereby reducing crowding (Bonneh & Sagi, 1998; Livne & Sagi,
2007). In the present study, luminance proﬁles of the ﬂankers were
coherent with each other in both conﬁgurations but were continu-
ous (with respect to the global axis) only in the ISO conﬁguration.
Despite the discontinuity of ﬂankers in the CROSS conﬁguration,
target visibility was better here than in the ISO conﬁguration, per-
haps due to grouping between ﬂankers in the CROSS conﬁguration
facilitating target pop-out. On the other hand, in the ISO conﬁgura-
tion, ﬂankers were grouped with the target due to the orientation
similarity between the target and ﬂanking stimuli, resulting in re-
duced target visibility. These ﬁndings suggest that the conﬁgural
effect in the present study can also be explained by perceptual
grouping and that discontinuity of ﬂankers may be a factor in
crowding reduction or improved performance in tasks involving
chain-lateral Gabor stimuli.
4.2. Flanker contrast effects
4.2.1. Contrast gain control: inhibitory effect
Flanker contrast had an effect on contrast discrimination
thresholds but not on orientation discrimination thresholds in
the present study. In Experiment 1, CDT elevation was observed
at 50% and 70% ﬂanker contrast (equal and high ﬂanker contrast
respectively, relative to the reference stimulus or pedestal), while
a signiﬁcantly lower CDT was observed at lower ﬂanker contrast
(FC-30, Fig. 2b). In agreement with previous work, this ﬁnding is
consistent with the operations of a contrast gain control mecha-
nism, in which ﬂankers affect the target’s contrast gain such that
contrast discrimination is impaired when they are at either equal
or higher contrast than the pedestal (Snowden & Hammett,
1998; Yu, Klein, & Levi, 2003; Yu & Levi, 2000; Zenger-Landolt &
Koch, 2001). Literature on contrast discrimination models suggests
that such suppressive effects can be attributed to divisive inhibi-
tion (contrast normalization model) of the response to the target
by the response to the ﬂankers, effectively resulting in the reduc-
tion of target contrast gain (Carandini & Heeger, 1994; Chen &
Tyler, 2001, 2002; Foley, 1994). This contrast gain control ceases
when the ﬂankers are at lower contrast than the pedestal, facilitat-
ing target pop-out by subtractive inhibition (Zenger-Landolt &
Koch, 2001).
It has been suggested previously that crowding might operate
via a divisive inhibitory process at a second stage, beyond the stage
of feature detection (Chung et al., 2001; Tripathy & Cavanagh,
2002). Such computational models in contrast discrimination are
usually applied to predict the contrast response function, which
is determined by plotting the contrast discrimination threshold
(T) as a function of the pedestal contrast (C) i.e. TvC or dipper func-
tion (Baker, Meese, & Georgeson, 2007; Foley & Chen, 1997; Hen-
ning & Wichmann, 2007; Legge, 1981; Legge & Foley, 1980;
Legge & Kersten, 1987). Note that in the present study, the pedestal
contrast was kept constant (50%) and the ﬂanker contrast was var-
ied from 30% to 70% in Experiment 1. Therefore, it may not be
appropriate to apply this model to the present data, with a ﬁxed
pedestal contrast or only three data points of ﬂanker contrast
(FC: 30, 50 and 70). However, the data may point towards a dip
at FC-30 (Fig. 2b), which would be conﬁrmed by measuring CDT
at lower ﬂanker contrast levels. Thus, the present ﬁndings may
be best explained in terms of contrast gain control, with ﬂankers
reducing the target’s contrast gain at FC-50 and FC-70 conditions
and having no effect on this gain at FC-30 condition.
4.2.2. Summative effect of ﬂanker contrast
In the present study, crowding in contrast discrimination was
obtained at ISO-FC50 and ISO-FC70 conditions in Experiment 1,while the crowding was eliminated at ISO-FC30 and all conditions
of CROSS conﬁguration. Our ﬁndings are partly consistent with
previous studies demonstrating crowding with ﬂankers at high
contrast relative to the target at ISO-FC70 condition (Chung et al.,
2001; Felisbert et al., 2005; Livne & Sagi, 2007); however, we also
found crowding at ISO-FC50, with ﬂankers and target at very sim-
ilar contrast. Levi and Carney (2009, 2011) reported that in periph-
eral vision, crowding is produced with ﬂankers at a wide range of
contrasts from as low as 4% (orientation discrimination) or 10%
(contrast discrimination) to 100%. These ﬁndings suggest that the
effect of ﬂanker contrast on crowding is not explained by spatial
pooling (Chung et al., 2001; Levi & Carney, 2009, 2011), because
crowding occurs not only when the target and ﬂanker contrasts
are similar but also when they are different. Although the present
study does not show crowding in CD at low ﬂanker contrast (ISO-
FC30), crowding at high ﬂanker contrast (ISO-FC70) supports the
idea that spatial pooling does not account for this effect.
Recent studies suggest that the effect of ﬂanker contrast may be
used to investigate the locus of crowding. Levi and Carney (2009,
2011) showed that the effect of ﬂanker contrast on crowding in
peripheral vision is independent of the target contrast, at least
for low to moderate ﬂanker contrast levels. They suggested that
this independence of crowding on target contrast reﬂects integra-
tion of target and ﬂanker signals beyond the stage at which they
are detected (Levi & Carney, 2009, 2011). In agreement with this,
Pelli et al. (2004) suggest that crowding is due to feature integra-
tion over an inappropriately large area that includes target as well
as ﬂankers, which is thought to occur in the higher cortical level at
a stage beyond the individual feature detection (Pelli et al., 2004).
Similarly, the present ﬁndings of crowding in CD in the ISO conﬁg-
uration at 50% and 70% ﬂanker contrast suggest a summative effect
in which integration of the target and ﬂanker information occurs at
a level of processing associated with combining stimulus contrasts.
Thus, consistent with previous work on contrast discrimination,
the ﬂanker contrast effects on threshold elevation in our study may
be a consequence of both suppressive (see Section 4.2.1) and sum-
mative mechanisms (e.g. Meese, Challinor, & Summers, 2008;
Meese, Georgeson, & Baker, 2006).
4.2.3. No crowding in orientation discrimination
Crowding was absent in the orientation discrimination task in
Experiment 1. This ﬁnding is surprising because crowding has been
widely reported in orientation discrimination previously (e.g.,
Felisbert et al., 2005; Levi & Carney, 2009, 2011; Livne & Sagi,
2007; Parkes et al., 2001). Although it is well established that
crowding depends on the difference between target and ﬂanker
contrast, its dependence on the absolute contrast of those stimuli
is uncertain (Chung et al., 2001; Felisbert et al., 2005; Kooi et al.,
1994; Livne & Sagi, 2007). Target-ﬂanker contrast differences
showing crowding have been demonstrated to range from 0–60%,
with stronger crowding at lower difference levels. In the present
study, the contrast difference between the target and ﬂanker in
OD was either 20% (FC-30 and FC-70) or 0% (FC-50). The absence
of crowding at any ﬂanker contrast here suggests that peripheral
orientation discrimination is insensitive to the relative ﬂanker con-
trast as measured in the present study, in chain-lateral Gabor stim-
uli. However, it is important to note that stimuli differed between
the two tasks in the present study. Speciﬁcally, in the orientation
discrimination task, the target Gabor was not quite in alignment
with ﬂankers in the ISO conﬁguration and was not quite orthogonal
to ﬂankers in the CROSS conﬁguration, unlike the contrast discrim-
ination task. Therefore, in the orientation discrimination task in
experiment 1, target-ﬂanker differences were not restricted to con-
trast, but target pop-out would also be likely to occur due to the
orientation tilt of the target, making integration of target and
ﬂankers less likely to occur in this task than in the contrast
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crimination in this experiment and minimal crowding in the other
experiments may be due in part to stimulus differences. This point
is discussed further in Section 4.4.
4.3. Other effects
4.3.1. Number of ﬂankers
Thresholds did not depend on the number of ﬂankers in the
present study (Experiment 2). According to spatial pooling or fea-
ture integration models, crowding should be directly proportional
to the number of ﬂankers. However, previous ﬁndings have been
equivocal on the effect of number of ﬂankers on crowding
(Felisbert et al., 2005; Levi & Carney, 2009; Livne & Sagi, 2007; Pelli
et al., 2004; Poder, 2006, 2008; Saarela, Westheimer, & Herzog,
2010; Saarela et al., 2009). In the present study, in the case of ori-
entation discrimination, the target was ﬂanked by three ﬂankers on
each side in Experiment 1 and there was no crowding in any stim-
ulus condition. When we increased the number of ﬂankers to ﬁve
(on each side of the target i.e. NF-5) in Experiment 2, crowding
was found in the ISO conﬁguration (ISO-NF5). This ﬁnding is in
agreement with the pooling hypothesis; but this was not a strong
effect, because there was no difference in the threshold elevation
between 1 and 3 ﬂankers conditions in orientation discrimination.
In contrast discrimination, crowding was not dependent on the
number of ﬂankers with all three NF conditions in the ISO conﬁg-
uration (ISO-NF1, ISO-NF3 and ISO-NF5) yielding similar crowding.
This may be due to the lateral arrangement of ﬂankers in our study,
because of which the ﬂankers were located at different distances
from the target, in contrast to the identical distance between all
ﬂankers and target in previous work showing the effect of ﬂanker
number on crowding (Levi & Carney, 2009; Poder, 2008). Note that
in Fig. 3b, although not statistically signiﬁcant, there was an appar-
ent trend of reduction in CDT with the increase in the number of
ﬂankers in the CROSS conﬁguration. This trend perhaps suggests
that perceptual grouping of ﬂankers was facilitated by an increase
in the number of ﬂankers in the CROSS conﬁguration, resulting in
lower CDTs at CROSS-NF5 and CROSS-NF3 than CROSS-NF1
(Fig. 3b). On the other hand, CDTs were almost identical across
numbers of ﬂankers in the ISO conﬁguration, perhaps because
the ﬂanker that was closest to the target grouped with the target
and yielded crowding, with the additional ﬂankers having no fur-
ther effect on contrast discrimination.
Saarela et al. (2009) found that increasing the number of ﬂank-
ers in a way that makes the target conspicuous results in reduced
crowding; however, the crowding reduction is dependent on the
perceptual segmentation between the target and ﬂankers and not
the number of ﬂankers. Recently, Saarela et al. (2010) demon-
strated that instead of number of ﬂankers, the spacing regularity
between the ﬂankers, identical to the spacing between the target
and ﬂankers, is responsible for crowding, because the spacing
causes the whole stimulus array (target and ﬂankers) to be per-
ceived as a coherent texture. Therefore, identical separation be-
tween Gabor stimuli in the ISO conﬁguration in the present
study may be a contributory factor, along with the orientation sim-
ilarity of target and ﬂankers and may also explain the lack of effect
on thresholds by number of ﬂankers.
4.3.2. Eccentricity effects
It is well established that spatial visual thresholds increase with
eccentricity (Levi & Waugh, 1994) and that crowding in peripheral
vision scales with eccentricity and is higher than at the fovea in
terms of magnitude as well as spatial extent (e.g. Levi, Hariharan,
et al., 2002; Pelli et al., 2004, 2007). In the present study, the char-
acteristic dependence of crowding on eccentricity (Livne & Sagi,
2007; Wilkinson et al., 1997) was observed in both orientationand contrast discrimination (Experiment 3). There was no crowd-
ing at 0 and 3 eccentricities in either task. In orientation discrim-
ination, crowding at 6 eccentricity was obtained only in the ISO-
NF5 condition and at 9 eccentricity in the ISO-EC9 condition. In
addition, the threshold elevation at EC-9 condition was higher than
at the other eccentricities in both conﬁgurations in OD. In the case
of contrast discrimination, crowding was obtained at 6 and 9
eccentricities in the ISO conﬁguration. However, unlike orientation
discrimination, the threshold elevation in CD at EC-6 and EC-9 con-
ditions was signiﬁcantly higher than EC-0 but not the EC-3 condi-
tion. Interestingly, the eccentricity effect was found only in the ISO
conﬁguration but not in the CROSS conﬁguration in contrast dis-
crimination. This ﬁnding suggests that target salience or percep-
tual grouping in the CROSS conﬁguration was sufﬁcient to avoid
threshold scaling with eccentricity in CD and crowding at any
eccentricity in either task. However, facilitation was not found in
our study in agreement with previous work showing that facilita-
tory spatial interactions are almost absent in the periphery (Chung
et al., 2001; Levi, Hariharan, et al., 2002; Livne & Sagi, 2007; Pelli
et al., 2004; Williams & Hess, 1998).
Similar to crowding, surround suppression is more evident in
the periphery than at the fovea (Petrov, Carandini, & McKee,
2005; Petrov & McKee, 2006; Xing & Heeger, 2000). Surround sup-
pression is considered to be the neural basis for texture segmenta-
tion (Blakemore & Tobin, 1972; Cavanaugh, Bair, & Movshon, 2002;
Li, 2000; Petrov et al., 2005), and also a neural correlate for crowd-
ing (Bouma, 1970; Hubel & Wiesel, 1968). The stimuli in the pres-
ent study were arranged laterally; so the target was partially but
not completely surrounded. Thus, our ﬁndings suggest that sur-
round suppression is a possible mechanism underpinning the
eccentricity effect found here.
4.4. Task differences
Findings in the present study were partly task-speciﬁc except
for the conﬁgurational effect (Section 4.1). While there was no
strong effect of number of ﬂankers in either task Section 4.3.1),
the effect of ﬂanker contrast was observed in contrast discrimina-
tion and not in orientation discrimination (Section 4.2.); the eccen-
tricity effect in contrast discrimination was gradual and was found
only in the ISO conﬁguration, while for orientation discrimination,
the effect was steeper and occurred in both conﬁgurations (Sec-
tion 4.3.2). The crowding effect was certainly conﬁguration speciﬁc
and was observed to a greater extent in contrast discrimination
than in the orientation discrimination task. These ﬁndings suggest
that crowding occurs at a lower cortical level (e.g. contrast discrim-
ination task) as well as at a higher cortical level (e.g. integration of
target and ﬂankers at different contrasts, see Section 4.2.2). Our re-
sults are also consistent with recent studies which show that
crowding is not restricted to a speciﬁc task or stimulus, but is a
general phenomenon applicable to both high and low-level tasks
and various stimulus types and parameters (Levi & Carney, 2011;
Poder, 2008; Saarela et al., 2009; van den Berg et al., 2007).
As mentioned in Section 4.2.3, it should be noted that there was
a slight difference between the stimuli in the two tasks in the pres-
ent study. In the orientation discrimination task, the target Gabor
was tilted; so it was not quite aligned with ﬂankers in the ISO con-
ﬁguration and was not quite orthogonal to ﬂankers in the CROSS
conﬁguration. However, in the contrast discrimination task, the
target and ﬂankers were in complete alignment (ISO) or orthogonal
(CROSS) to each other. As discussed earlier, in the latter stimulus,
crowding was likely to occur in the ISO conﬁguration due to spatial
pooling and grouping between target and ﬂankers. On the other
hand, in the orientation discrimination task, the orientation tilt
of the target was less likely to have facilitated grouping, which
may explain the lack of crowding in most of the stimulus
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entation discrimination using Gabor stimuli, included an orienta-
tion tilt to the ﬂankers along with the target, as opposed to our
study, which may have reduced target pop-out in those studies
(Felisbert et al., 2005; Livne & Sagi, 2007; Parkes et al., 2001). It
is worth noting that Levi and Carney (2009, 2011) found crowding
in an orientation discrimination task in which, as in the present
study, ﬂankers did not have any orientation tilt as the target. The
fact that crowding was found in those studies but not in the pres-
ent study may be due to separation between target and ﬂankers,
which was greater in the previous work than in the chain stimuli
of the present study. Thus, the lack of crowding in our orientation
discrimination task may be due to the proximity of target and
ﬂankers combined with an orientation difference between them.
5. Conclusions
The present study investigates the perceptual processes respon-
sible for crowding in orientation and contrast discrimination using
chain-lateral Gabor stimuli in peripheral vision. Our ﬁndings show
that crowding using closely spaced stimuli is conﬁguration spe-
ciﬁc. Crowding is eliminated when the ﬂanking stimulus conﬁgura-
tion increases the target salience (CROSS conﬁguration), while
crowding is produced when the ﬂanking stimuli perceptually
group with the target (ISO conﬁguration) in both tasks. Addition-
ally, crowding in contrast discrimination is abolished when the tar-
get contrast gain increases yielding target pop-out. Crowding in
orientation discrimination is minimal and dependent on eccentric-
ity in chain-lateral Gabor stimuli; whereas a relatively high crowd-
ing effect is observed in contrast discrimination, dependent on
ﬂanker contrast and eccentricity. Thus, we conclude that crowding
in peripheral orientation and contrast discrimination can be mini-
mised by simple alterations in the ﬂanker parameters without
increasing the target-ﬂanker separation and that crowding in-
volves a combination of low-level and high-level cortical
processing.
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